An exaggerated peak systolic blood pressure (SBP) during exercise testing is associated with an increased risk of developing hypertension (HTN) in normotensive populations. [1] [2] [3] [4] However, meaningful prognostic values for peak exercise SBP are currently inconsistent and arbitrarily defined, and potential confounding variables have not been adequately addressed in most previous analyses. 5 Although peak exercise SBP greater than 210 mm Hg in men has been commonly used 5, 6 to predict future HTN, this cutoff point was arbitrarily determined. 1 Moreover, the criteria for an exaggerated SBP response during exercise testing appear to be exercise modality and population specific. 7 Therefore, the purposes of this study were: (i) to evaluate receiver operating characteristic curves to identify optimal discriminatory values of exercise SBP using both peak SBP and relative SBP (peak SBP minus resting SBP) as predictors of future HTN and (ii) to assess the validity of using greater than 210 mm Hg as the prognostic value for peak SBP during exercise testing to predict incident HTN in men after adjusting for potential confounding variables.
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METHODS
From a total of 5,616 individuals who underwent standardized health examinations in 1998 at Samsung Medical Center (Seoul, South Korea), 3,742 men (mean age 48 ± 6 years) who were free of known cardiovascular disease, HTN, and type 2 diabetes at baseline were included in subsequent analysis. The small number of female participants (n = 113) among the total study population (n = 5,616) were excluded due to the limited sample size for further analysis. For disease prevention and early detection of disease, this routine health screening program consisted of a general physical examination, anthropometric measurements, BP assessments, electrocardiography, blood chemistry analysis, and an exercise stress test with concurrent metabolic gas analysis. Most of the participants lived in Seoul or in the surrounding areas and the majority were well-educated Asians and of middle to upper socioeconomic status. Incident HTN was defined as SBP/diastolic BP (DBP) greater than 140/90 mm Hg and/ or diagnosed HTN by a physician. Information about antihypertensive medication was not obtained at the followup examination. Participants were followed from 1 year to 12 years after the baseline examination, over an average follow-up of 5 years. Written informed consent was obtained from all participants before undergoing health screening, and the study was approved by the Samsung Medical Center institutional review board.
Blood samples were collected after a 12-hour overnight fast and analyzed by the hospital clinical laboratory. Detailed methods of blood sampling have been previously described. 8 Resting BP was measured in the seated position by a nurse following at least 5 minutes of quiet rest using an automated BP monitor (Dinamap PRO 100, Critikon, Milwaukee, WI). The lowest value of 2 measurements was used as resting BP. Treadmill exercise testing was conducted using a Bruce or modified Bruce protocol. BP were measured using an automated BP monitor designed for exercise testing (STBP 680, Colin, Komaki, Japan) during the last minute of each 3-minute stage and at peak effort, with the arm relaxed at the side without holding on to the treadmill handrail. This equipment uses auscultation with R-wave gating in the identification of Korotkoff sounds. Furthermore, the use of an integrated head-set was employed by testers to ensure a standardized and consistent identification of Korotkoff sounds by the automated monitor. The peak SBP was defined as the highest value achieved during the progressive exercise test to volitional fatigue or adverse signs/symptoms. Relative SBP responses were calculated as the difference between the resting SBP before exercise testing and the peak SBP achieved during peak or symptom-limited treadmill testing. Exercise tests were stopped if more than 1 of the following endpoints was observed: a respiratory exchange ratio (CO 2 production/ O 2 consumption) greater than 1.10; achievement of age-predicted maximal heart rate; a rating of perceived exertion 9 on the category scale higher than 17 (very hard); volitional fatigue; SBP greater than 250 mm Hg; ST-segment depression greater than 2 mm; and/or threatening ventricular arrhythmias. Detailed methods of exercise testing have been previously described. 8 The receiver operating characteristic curve analysis was performed to identify the optimal prognostic values for peak and relative SBP responses for the prediction of future HTN. The areas under the curve (AUC) and 95% CI were also obtained. Cox proportional hazards regression with adjustment for potential confounding variables was used to determine the relation between an increasing SBP response during exercise testing and incident HTN. The cumulative curves for the incidence of HTN according to the cutoff value of peak SBP over the follow-up period used the Kaplan-Meier method and log-rank test to evaluate significant differences between greater than 181 mm Hg and less than 181 mm Hg. Statistical significance was set at P <0.05.
All tests for statistical significance were 2-sided. Analyses were conducted using the SPSS 21.0 (SPSS, Chicago, IL).
RESULTS
During an average 5-year follow-up, 364 (9.7%) new cases of HTN were diagnosed. Baseline characteristics of men with and without developed HTN during follow-up are shown in Table 1 . Age, body mass index, BP, total cholesterol, lowdensity lipoprotein cholesterol, uric acid, resting heart rate, and maximal SBP were higher, whereas peak oxygen uptake (ml O 2 /kg/minute) was lower in men with HTN. Men with HTN were more likely to be smokers and prehypertensive than men without HTN.
The incidence of subsequent HTN in the cohort with a peak SBP greater than 210 mm Hg during exercise testing was higher than in the group that attained less than 210 mm Hg (16.9% vs. 9.3%, P < 0.001). Individuals with a peak SBP greater than 210 mm Hg had a 1.67 times (95% CI: 1.19-2.35) increased risk of incident HTN as compared with individuals with a SBP response less than 210 mm Hg. However, this association was not significant in the multivariable adjusted model (relative risk: 1.03; 95% CI: 0.73-1.48) ( Table 2 ).
The most discriminatory values for peak SBP and relative exercise-induced increases in SBP for predicting incident HTN were 181 mm Hg (AUC = 0.644, sensitivity = 54%, and specificity = 69%) and 52 mm Hg (AUC = 0.549, sensitivity = 64.3%, and specificity = 44.6%), respectively ( Figure 1 ). Individuals with peak SBP greater than 181 mm Hg and relative exercise-induced increases in SBP greater than 52 mm Hg had 1.54-fold (95% CI: 1.23-1.93) and 1.44-fold (95% CI: 1.16-1.80) risks of developing HTN after adjusting for age, body mass index, SBP, total cholesterol, high-density lipoprotein cholesterol, triglycerides, glucose, white blood cell count, uric acid, resting heart rate, peak oxygen uptake, smoking, and alcohol intake ( Table 2 ). In subgroup analyses, peak exercise SBP greater than 181 mm Hg in the normal BP group (<120/80 mm Hg) and pre-HTN group (120-139/80-89 mm Hg) had 2.49-fold (95% CI: 1.70-3.64) and 1.44-fold (95% CI: 1.11-1.86) risks of developing HTN as compared to these groups with peak exercise SBP less than 181 mm Hg after adjusting for potential confounding factors (Table 3) .
When these variables were entered simultaneously into the Cox proportional hazards regression model with adjustment for confounding variables, only peak SBP (relative risk: 1.39; 95% CI: 1.02-1.89) was a predictor of the development of HTN (data not shown). The cumulative incidence of HTN during follow-up years according to the most discriminatory peak SBP (less than 181 mm Hg vs. greater than 181 mm Hg) is shown in Figure 2 . Men demonstrating a peak SBP greater than 181 mm Hg had a higher incidence of HTN compared with those less than 181 mm Hg (log-rank test, P < 0.001).
DISCUSSION
During progressive dynamic exercise to maximum effort or volitional fatigue, SBP normally rises with increasing cardiac output, whereas DBP usually remains unchanged or slightly decreases due to arteriolar vasodilation and decreased peripheral vascular resistance. 10 Although previous studies have suggested that a disproportionate exercise SBP response predicts the risk of future HTN in normotensive populations, [1] [2] [3] [4] there remains a lack of consensus regarding how to accurately determinate the specific cutoff value for this discriminator of future HTN. Although SBP greater than 210 mm Hg for men has been commonly used in previous reports, 1, 5, 6 a range of ~190-230 mm Hg as cutoff points for the discriminatory SBP response have been suggested. [11] [12] [13] The reason for these inconsistencies is that most studies have chosen to arbitrarily categorize the prognostic exercise SBP response for incident HTN. A preferred methodology would be to incorporate a continuous rather than a categorical approach into the analysis. Therefore, the peak exercise SBP response to accurately predict the future incidence of HTN in normotensive populations has remained elusive.
Using receiver operating characteristic curve analysis, we found that the most accurate discriminators for peak SBP and relative exercise-induced increases in SBP to predict incident HTN in normotensive men were 181 and 52 mm Hg, respectively. Furthermore, we confirmed that these cutpoints were associated with higher risks of developing HTN after adjusting for potential confounding variables including resting SBP and peak oxygen uptake. Interestingly, peak exercise SBP greater than 181 mm Hg was associated with Values are expressed as mean ± SD or %. Prehypertension (n, %): >120/80 mm Hg of resting systolic and/or diastolic blood pressure. Adjusted model: adjusted for age, body mass index, systolic blood pressure, total cholesterol, high-density lipoprotein cholesterol, triglyceride, glucose, white blood cell count, uric acid, resting heart rate, smoking, alcohol consumption, and peak oxygen uptake.
Abbreviation: RR, relative risk.
increased risk of developing HTN after adjusting for confounding variables in both the normal and pre-HTN groups. To our knowledge, this is the first study to use this methodology to clarify the cutpoints for SBP during exercise testing to predict incident HTN. These results may be helpful in predicting the future incidence of resting HTN in clinical populations that have previously undergone exercise testing. The absolute peak SBP response during exercise testing was a better predictor of future HTN than the change in SBP or previously reported peak SBP (greater than 210 mm Hg) in our prospective study. Therefore, a peak SBP greater than 181 mm Hg during exercise testing may provide a useful predictor of the development of HTN in clinical practice. Interestingly, the prognostic SBP response identified in the present study is somewhat lower than the values reported in previous studies. However, these findings are not entirely surprising. Our participants were representative of a healthy normotensive population, and treadmill exercise testing is generally associated with more attenuated increases in SBP than when using the cycle ergometer. 14 A recent report showed that a SBP response greater than 180 mm Hg at stage 4 during treadmill testing was associated with a significantly higher cardiovascular risk than those with a lower SBP response. 15 In the Coronary Artery Risk Development in Young Adults study, a peak SBP response greater than 210 mm Hg during exercise testing was 1.70 times more likely to be associated with the development of HTN in men. 1 Although this SBP value per se is widely used to predict future HTN, its validity has been questioned since it was derived from a cross Adjusted model: adjusted for age, body mass index, total cholesterol, high-density lipoprotein cholesterol, triglyceride, glucose, white blood cell count, uric acid, resting heart rate, smoking, alcohol consumption, and peak oxygen uptake.
Abbreviations: RR, relative risk; SBP, systolic blood pressure. sectional database. 16 We agree with this methodologic concern and found that this cutpoint (i.e., 210 mm Hg) was not statistically significant in our multivariable adjusted model. The mechanism by which an exaggerated SBP response to peak or symptom-limited exercise testing may be associated with incident HTN is unclear, but several possible explanations may be hypothesized. 17 Individuals with an exaggerated SBP during exercise testing may have a blunted decrease in peripheral vascular resistance 18 and impaired endothelial dependent vasodilatory function to compensate for the increase in cardiac output during exercise. 19 In addition, sympathetic hyperreactivity 20, 21 and/or an impaired sympatholytic response 17 may be associated with an exaggerated SBP response to exercise. Other structural and metabolic abnormalities associated with the development of HTN, including dyslipidemia, insulin resistance, 17, 22 and vascular stiffness, 8 may also serve as possible mechanisms underlying an abnormal increase in exercise SBP.
The present study has several limitations and strengths. Because our participants included only healthy Korean men, we were unable to determine whether the findings extend to women, different races or are predictive of subsequent cardiovascular events or mortality. BP was measured only during peak or symptom-limited treadmill exercise testing; thus, we cannot generalize our findings to other exercise modalities such as the cycle ergometer or step test. In addition, we did not present exercise DBP values because of the difficulty in accurately obtaining them. 23 Only SBP during exercise testing can be measured reliably with noninvasive methods. 5 Finally, it should be noted that sensitivity, specificity, and AUCs observed in the present study were relatively low, suggesting that these results be interpreted with caution. Despite these limitations, the strength of the present study is that we identified SBP cutpoints during peak or symptom-limited exercise testing and, using receiver operating characteristic curve analysis, were able to accurately predict incident HTN in a prospective study of nearly 4,000 men who were normotensive at baseline.
In conclusion, a peak SBP greater than 181 mm Hg and a relative SBP greater than 52 mm Hg during maximal treadmill exercise testing were the most accurate predictors of future HTN in normotensive men, after adjusting for potential confounding variables, and that a peak exercise SBP greater than 181 mm Hg may provide a useful predictor for the development of HTN in clinical practice. The validity and reliability of this prognostic hemodynamic response should be independently evaluated in future prospective studies involving women and other diverse populations.
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